Histone proteins are subject to a host of posttranslational modifications (PTMs) that modulate chromatin structure and function. Such control is achieved by the direct alteration of the intrinsic physical properties of the chromatin fiber or by regulating the recruitment and activity of a host of trans-acting nuclear factors. The sheer number of histone PTMs presents a formidable barrier to understanding the molecular mechanisms at the heart of epigenetic regulation of eukaryotic genomes. One aspect of this multifarious problem, namely how to access homogeneously modified chromatin for biochemical studies, is well suited to the sensibilities of the organic chemist. Indeed, recent years have witnessed a critical role for synthetic protein chemistry methods in generating the raw materials needed for studying how histone PTMs regulate chromatin biochemistry. This review focuses on what is arguably the most powerful, and widely employed, of these chemical strategies, namely histone semisynthesis via the chemical ligation of peptide fragments.
INTRODUCTION
In eukaryotes, genomic DNA is segregated into the nucleus of a cell, where it is stored in the form of the nucleoprotein complex known as chromatin ( Figure 1a ) (1) . The fundamental repeating unit of chromatin, the nucleosome, consists of an ~146-bp DNA duplex wrapped around a histone octamer composed of two copies each of histone H2A, histone H2B, histone H3, and histone H4 ( Figure 1a ) (2) . Histones possess a canonical α-helical fold, which forms the structural scaffolding of the octamer core, and a basic N-terminal tail protruding from the nucleosome (3). The posttranslational modification (PTM) of histone proteins has emerged as a central component of epigenetic regulation, functioning within the nucleosome as a signal integration platform able to orchestrate chromatin-templated processes (4) .
Access to chemically homogeneous, modified chromatin is critical to elucidate the role that specific histone PTMs play in downstream biochemical processes. The purification of endogenous histones containing PTMs is possible (26, 27) , but this process results in heterogeneous substrates (i.e., the isolated material will contain several distinct populations of differentially modified histones). This obfuscates biochemical analyses in studies that seek to unambiguously define causality in a process. In principle, modified histones can be obtained by enzymatic modification of unmodified recombinant histones. However, this approach has many drawbacks. The enzyme responsible for a given histone PTM may be unknown, or it may be difficult to isolate in an active form [many chromatin writers are multisubunit complexes that require premodified chromatins as substrates (28) ]. Even in cases in which the enzyme is available, in vitro modification is often inefficient or causes heterogeneous modification of the chromatin substrate, as in the case of the chromatin effector p300 (29, 30) . Due to the many shortcomings of the aforementioned approaches, (semi)synthetic methods for the generation of posttranslationally modified histones have gained much traction in the last decade and have been used extensively for the study of chromatin biochemistry (31) . The main advantage of chemical synthesis is homogeneous substrate preparation, which enables precise biochemical analysis of both chromatin structure and function; that is, causality can be firmly established. In this review, we discuss recent advances in ligation-based technologies employed to access native PTM-containing histones. More expansive reviews that cover complementary genetic and bioconjugation methods to incorporate PTMs into histones can be found elsewhere (see the sidebars titled A Genetic Approach to Incorporate Post-translational Modifications into Histone Proteins and Cysteine-Directed Approaches to Access Histone Posttranslational Modifications) (31) (32) (33) .
CONTEMPORARY SYNTHESIS OF POSTTRANSLATIONALLY MODIFIED HISTONES THROUGH HISTONE-DERIVED FRAGMENT LIGATION

Use of Synthetic Peptides to Probe the Role of Histone Posttranslational Modifications
Synthetic peptides containing PTMs have been used in the histone area for more than 40 years (48) . In a landmark study, the specificity of deacetylase enzymes, which are responsible for removing histone lysine acetylation marks, was investigated with synthetic peptides containing acetyl-lysine synthesized via solid-phase peptide synthesis (SPPS) (48) . SPPS has been extensively utilized to study histone PTMs in which the appropriated modified amino acid derivative is chemically accessible-as in, for instance, lysine acetylation; lysine methylation; and serine, threonine, and tyrosine phosphorylation (31, (49) (50) (51) (52) . This approach has been instrumental in the identification and structural characterization of histone PTM effectors, the generation of specific histone PTM antibodies, and the elucidation of the mechanistic and structural details of histone PTM incorporation and removal (e.g., [53] [54] [55] [56] [57] [58] [59] . Additionally, libraries of modified histone peptides, generated using parallel or split-pool strategies, have proven invaluable in the rapid elucidation of chromatin effector and antibody-binding specificity (50, 51, (60) (61) (62) (63) (64) (65) (66) . SPPS is generally limited to peptides that are shorter than 50 amino acid residues [or even shorter in the case of expedited combinatorial peptide strategies (67, 68) ].
A GENETIC APPROACH TO INCORPORATE POSTTRANSLATIONAL MODIFICATIONS INTO HISTONE PROTEINS
Genetic incorporation of PTMs into histones has been achieved through the amber codon suppression methodology (34, 35) . This powerful method relies on the use of an orthogonal aminoacyl-tRNA (transfer RNA) synthetase/tRNA pair (generated by directed evolution methods) that accepts a posttranslationally modified amino acid. Subsequent ribosomal incorporation of this unnatural amino acid in response to an amber stop codon (UAG) within the gene of interest affords the corresponding modified recombinant protein. This technology has proven especially useful for the incorporation of acetyllysine into histones (34) , which has allowed several biochemical and biophysical questions to be addressed (36) . Moreover, amber suppression has been used to incorporate other PTMs into proteins, either directly [e.g., crotonylation (37, 38) ] or as part of multistep processes [e.g., methylation, phosphorylation, and ubiquitylation (39) (40) (41) (42) ]. Modified histone production via amber suppression is operationally straightforward -at least once the necessary aminoacyl-tRNA synthetase/tRNA pair is generated. However, depending on the modified amino acid in question and the site of its incorporation within the histone, suppression efficiency may vary (35) . Moreover, the generation of histones containing multiple modifications, whether homotypic or heterotypic, is currently impractical.
CYSTEINE-DIRECTED APPROACHES TO ACCESS HISTONE POSTTRANSLATIONAL MODIFICATIONS
Cysteine-directed chemistry has been utilized to incorporate PTM mimics into recombinantly prepared histone proteins containing strategically incorporated cysteine mutations (43) (44) (45) . This strategy is enabled by the sequences of the core histones; H2A, H2B, and H4 are devoid of cysteine, whereas H3 contains a single cysteine that can be removed without incident. Employing the cysteine sulfhydryl group as a unique reactive handle has led to the preparation of acetylated, methylated, and ubiquitylated histone mimics that can recapitulate the biological activity of the corresponding native posttranslationally modified histones (43) (44) (45) . This methodology is both convenient and expedient because it typically involves the single-step conjugation of a thiol-reactive PTM-containing electrophile to a recombinant histone cysteine mutant. Furthermore, in the case of ubiquitylation, a disulfide approach allows for the chemical removal of this PTM, enabling study of the consequences of chemical deubiquitylation (44, 46) . Although operationally simple, this approach does generate an analog of the native PTM, which could be a concern in some cases (47) . Moreover, this approach does not allow multiple different (i.e., heterotypic) PTMs to be introduced site-specifically into the same histone.
Histone-derived peptides have obvious shortcomings when the process in question requires a more physiologically relevant substrate. Specifically, peptides are unable to address questions that involve a tertiary structural (or DNA-binding) element or multivalent interactions occurring outside the space of a linear peptide (e.g., between histones).
Chromatin effectors often exist in multisubunit complexes in the size regime of the nucleosome (or greater), and are known to engage chromatin through multiple low-affinity epitopes (7, 28) . Thus, characterization of these complexes using more physiological chromatin systems is often essential to obtain a more complete mechanistic understanding of these interactions (28) . For example, the binding of the transcription factor BPTF (bromodomain PHD finger transcription factor) is modulated by H3K4 methylation and H4 acetylation through interactions with the PHD finger and bromodomain of the protein, respectively (23, 29) . Clearly, such a multivalent interaction cannot be characterized using peptide substrates. The use of chromatin substrates also reveals aspects of enzyme regulation that are not evident with peptide substrates. For example, Set1C, a chromatin writer complex that methylates H3K4, is active on H3 peptides but requires the ubiquitylation of H2BK120 (H2BK120Ub) for activity on nucleosomal substrates (69, 70) . Given the existence of these higher-order recognition processes, in recent years investigators have devoted considerable effort to generating full-length histones that contain PTMs and that can be reconstituted into physiologically relevant chromatin substrates.
Semisynthesis of Histone Proteins Employing Synthetic Peptides
Robust chemistries now exist for the incorporation of most commonly occurring PTMs into synthetic peptides. However, as noted above, a more physiological substrate is often required for the study of chromatin-related processes such as remodeling or PTM deposition and removal. Semisynthesis enables the production of posttranslationally modified full length histones that have been modified though SPPS. In this strategy, the PTM-containing part of the final protein product is of synthetic origin, whereas the remainder, the unmodified part, is produced by recombinant protein expression (71, 72) . Implicit in this strategy is the idea that the recombinant building block, by being easy to produce, constitutes most of the final semisynthetic protein. Fortunately, fragment condensation strategies, featuring unprotected peptide building blocks and employing chemo-and regioselective chemical ligation steps, are available for this purpose (73) . Histones are ideal candidates for the semisynthesis approach for several reasons.
1.
Most histone PTMs are located near the N or C terminus of the protein, so relatively short synthetic peptides can be employed in the context of a twobuilding-block (i.e., one-ligation-step) assembly strategy.
2.
Histones can be readily refolded, thereby allowing semisynthesis to be conducted in the presence of chaotropes, such as guanidinium chloride. This process allows the use of high concentrations of reactants, improving the kinetics and yields of the second-order chemical reaction.
3.
Histones generally lack cysteine residues, a feature that is critical to the semisynthetic method. Not only does this property eliminate any problems associated with unwanted oxidation reactions, but also, because of the nature of the ligation chemistry used, it grants tremendous freedom in choosing a ligation site in the histone (elaborated on in the following two paragraphs).
Although several ligation chemistries have been developed that allow unprotected peptides to be assembled into proteins, in this review we focus on only one, namely the native chemical ligation reaction (NCL) (74) . This approach and its semisynthetic extension, the expressed protein ligation reaction (EPL) (75) , are by far the most commonly employed methods for the (semi)synthesis of proteins (76) . Hundreds of proteins have been manufactured using these strategies, giving rise to a broad range of biochemical and biophysical probes for functional and structural studies (71, 72, 76) . Moreover, unlike cysteine conjugation and amber suppression technologies (see the sidebars titled A Genetic Approach to Incorporate Posttranslational Modifications into Histone Proteins and CysteineDirected Approaches to Access Histone Posttranslational Modifications), NCL and EPL allow multiple different modifications to be incorporated into the same protein, a useful property for studies of the synergistic effects of histone modifications (11) .
Native chemical ligation relies on the condensation in water at physiological pH of a peptide bearing a C-terminal thioester (α-thioester) with a second peptide containing an N-terminal 1,2-amino thiol moiety (e.g., cysteine) ( Figure 2 , constructs ➊ and ➋) (74) . This process results in a native peptide bond between the two segments ( Figure 2 , construct ➌). If necessary, this process can be conducted in an iterative fashion until the complete protein is assembled (77) . In the case of histones, this allows for the modular multimodification of a histone at distinct regions. The dearth of cysteine residues in histones might initially seem to pose a problem for the use of NCL and EPL. Indeed, early applications of the strategy to histones required the introduction of a strategically placed cysteine mutation to facilitate ligation (78, 79) . This ligation remnant, or scar, remained in the final product, potentially complicating downstream experiments. However, with the advent of desulfurization strategies (80, 81) , which extend the scope of NCL and EPL to noncysteine ligation junctions, histone sequences have become a much more pliable platform on which to perform NCL and EPL. For example, histone ligation sites are now often chosen to be adjacent to an alanine residue. This choice enables the substitution of this alanine with cysteine to support ligation. Following generation of the initial NCL or EPL product, this cysteine (the only such residue in the protein) is converted back to alanine by chemical desulfurization (Figure 2 , construct ➍). This conversion renders the overall process traceless, thereby affording a native histone sequence containing a user-defined set of PTMs. Importantly, one can extend this strategy to many ligation junctions by employing thiolcontaining analogs of other amino acids. Indeed, thiolated derivatives of several residues (leucine, phenylalanine, valine, threonine, aspartic acid, lysine, arginine) (82-88) have been employed in the traceless (semi)synthesis of many proteins, including several modified histones (89, 90) .
In NCL, the α-thioester-containing peptide fragment is prepared using chemical synthesis, regardless of whether the other fragment is of synthetic or recombinant origin. Thus, histones containing PTMs within the N-terminal region of the protein (i.e., the synthetic building block) are prepared via NCL. In EPL, however, the α-thioester-containing fragment is generated by recombinant protein expression (75) , again regardless of whether the other fragment is of synthetic or recombinant origin. Accordingly, semisynthetic histones containing PTMs distal to the protein N terminus are typically generated using an EPL strategy. As discussed further below, advances in the production of the synthetic or recombinant building blocks, along with improvements in the ligation and postligation steps in the process, have allowed NCL and EPL to be used to generate multiple posttranslationally modified versions of all four canonical histones.
Preparation of Histone-Derived Fragments for Semisynthesis
Preparation of posttranslationally modified histones first involves the production of histonederived fragments containing the appropriate ligation handles. A tremendous amount of effort has gone into the facile production of both synthetic and recombinant building blocks; multiple strategies exist to address the unique challenges of incorporating specific PTMs into an otherwise native histone template.
Synthetic building blocks-An absolute requirement of the NCL and EPL strategies is the presence of the α-thioester and 1,2-amino thiol (typically cysteine) moieties within the peptide building blocks. In terms of the synthetic peptide fragment, the latter presents little in the way of a challenge because the necessary residue can simply be incorporated during the last step of SPPS ( Figure 2c ). By contrast, the preparation of synthetic peptide α-thioesters, which are essential for generating histone proteins containing PTMs (or other noncoded elements) within the N-terminal tail regions, is more involved (Figure 2a ). Of the two N-α-protection strategies commonly employed in SPPS, namely butyloxycarbonyl (Boc) and fluorenylmethyloxycarbonyl (Fmoc), the former naturally lends itself to the generation of peptide α-thioesters due to the stability of the thioester group to the reagents used during the coupling and deprotection steps in chain assembly. Thus, an α-thioester linkage between the growing peptide and the resin support can be carried through an entire Boc-SPPS. As a consequence, simple thiol-containing linkers, such as 3-mercaptopropionic acid (91), can be employed in the synthesis of peptide α-thioesters using Boc-SPPS (Table  1) . Several modified histones have been generated via NCL strategies that involved the use of synthetic peptide α-thioester building blocks assembled by Boc-SPPS (see the section titled Semisynthesis Applied to Histones for specific examples).
Boc-SPPS does, however, involve the use of a strong acid, typically anhydrous hydrogen fluoride (HF), during the cleavage/global deprotection step from the solid support. This requirement has two important consequences. The first is purely practical in that the specialized equipment needed to perform this step may not be available to every investigator or facility. The second limitation is chemical in that some functionalities are labile to HF, for example, phosphoserine and phosphothreonine, as well as O-glycosylated amino acids (92) .
By contrast, the Fmoc-SPPS strategy is compatible with a much broader range of PTMs and, because it does not require the use of HF, is more generally accessible to the average biochemist. These considerations have prompted tremendous effort toward the development of robust protocols for the generation of peptide α-thioesters via Fmoc-SPPS (92).
Unlike Boc-SPPS, the Fmoc-SPPS strategy is not directly compatible with a α-thioester due to the use of piperidine at every deprotection cycle of the chain assembly. Early efforts focused on modifying the deprotection conditions to minimize unwanted aminolysis/ hydrolysis of the labile α-thioester (93). However, these strategies do not provide a general solution to the problem, particularly for longer sequences. Fortunately, more productive approaches to this problem have been developed, all of which involve the use of what is effectively a "latent" α-thioester. In these strategies, the growing peptide is linked to the resin via a nonthioester linkage that is completely stable to the reagents used in standard Fmoc-SPPS. Importantly, the chemistry of the linker is such that upon completion of the chain assembly and cleavage from the support, the modified C terminus of the peptide can be converted into a α-thioester using selective chemistry. Several latent thioester linkers are now available for Fmoc-SPPS of peptide α-thioesters (94-97). These include linkers based on 2-hydroxy-3-mercaptopropionic acid (94), diaminobenzoyl (95) , and hydrazine (96) moieties, all of which have been applied to the (semi)synthesis of modified histones (Table  1 ) (90, 98, 99) . Of these, the hydrazine linker, which yields a peptide hydrazide upon cleavage that is eventually converted into an active thioester via an oxidation/thiolysis process, is rapidly becoming the method of choice for the preparation of peptide α-thioesters by the Fmoc approach due to its ease of use and excellent efficiency (96) .
Recombinant building blocks-Recombinant protein expression has been utilized to prepare unmodified histones fragments with either an N-terminal cysteine (in the case of a C-terminal fragment) or an α-thioester (in the case of an N-terminal fragment). Unlike the case for synthetic peptides, in which introduction of only one of the two reactive handles requires deviation from standard protocols, additional provisions are needed to prepare either class of reactive recombinant protein. The absolute requirement for an initiating methionine codon means that an N-terminal cysteine cannot be directly encoded in a protein, for example, a histone fragment. Several strategies to circumvent this problem have been developed (Table 1) . Most trivially, the requisite cysteine can be placed adjacent to the initiating methionine with the expectation that it will become exposed as part of the normal in vivo processing of the protein. Although this strategy has been successfully applied to semisyntheses of several proteins, including histones (98, 100), it suffers from a few drawbacks. First, the processing is not always complete, and it can be hard to separate the desired protein from the unprocessed precursor. Second, the unmasked N-terminal cysteine can react with cellular metabolites such as pyruvate (101) , and although protocols exist to reverse these adducts (102), the additional steps needed reduce overall yields. Third, this strategy precludes the introduction of an N-terminal affinity purification handle (e.g., polyhistidine or glutathione S-transferase tags), which is commonly used in recombinant protein production work flows.
Given these attendant issues, it is far more common to employ a fusion protein strategy as a route to N-terminal cysteine proteins. In this approach, the protein fragment of interest is directly linked via a specific protease recognition sequence to the desired affinity tag. Following purification, the fusion protein is treated with the corresponding protease to afford the mature fragment suitable for NCL and EPL. Key to this strategy is the use of a protease that tolerates cysteine at the S1 ′ site in the substrate. Fortunately, three commonly used proteases have this property, namely the Factor Xa protease (103), the SUMO protease (104) , and the tobacco etch virus (TEV) protease (105) . Although all of these enzymes have been used in NCL and EPL schemes, the last two are the most powerful because they can easily be overexpressed in Escherichia coli and, upon purification, have negligible nonspecific cleavage activity associated with them. An added benefit of the SUMO fusion strategy is that the protease recognition element, being a small and stable folded protein, often improves the expression levels and behavior of the protein fragment to which it is appended (104).
Introduction of an α-thioester into a recombinant protein also requires the use of a fusion protein strategy. Here, the protein fragment is linked through its C terminus to an engineered version of a protein domain called an intein (Figure 2b ). Inteins are natural autoprocessing proteins that cut themselves out of a host polypeptide in a process known as protein splicing (76, 106) . A detailed understanding of the mechanism of intein-mediated protein splicing has allowed the rational design of engineered inteins that can be used to install an α-thioester into essentially any recombinant protein. Operationally, an intein fusion protein is expressed in a suitable cell host and, following purification, is exposed to a small-molecule thiol to afford the desired protein α-thioester derivative, which can then be utilized for semisynthesis (75, 107) . Parenthetically, engineered inteins have also been developed that allow the preparation of recombinant proteins bearing an N-terminal cysteine (108) . However, this strategy is generally less efficient than the aforementioned protease approaches and thus has not been widely adopted (71) .
Most EPL studies to date have employed protein α-thioesters generated from the corresponding fusion to an engineered Mycobacterium xenopi (Mxe)-GyrA intein. This intein is commercially available in the form of a bacterial expression plasmid (109) . Despite widespread use, the Mxe-GyrA intein has a splicing half-life of several hours, which means that thiolysis reactions can be exceedingly slow [days are not uncommon (106, 110) ] and fail to proceed to completion. The recent discovery of several ultrafast inteins with splicing halflives in the tens of seconds (110, 111) promises to redress these issues. The utility of these inteins in the semisynthesis arena is further enhanced by the fact that they are naturally split; that is, the intein is fractured into two inactive pieces that must first noncovalently associate before protein trans splicing begins (106) . Taking advantage of the low-nanomolar affinities between the split intein fragments, Vila-Perelló et al. (112) streamlined the entire EPL work flow and in the process improved the yield of recombinant protein α-thioester production ( Table 1 ). The optimized protocol is illustrated through the semisynthesis of histone H2B containing an acetyl-lysine PTM at position 120. First, a fusion protein corresponding to H2B residues 1-116 directly linked though its C terminus to the N-terminal half of the split intein was expressed in E. coli. Note that because the split intein fragment has no splicing or thiolysis activity (without the complementary intein fragment around), premature cleavage of the fusion cannot occur, which is often an issue when working with intact inteins such as Mxe-GyrA (108). Second, purification was achieved following cell lysis by use of the affinity of the H2B(1-116) N-intein construct for the C-intein, the latter of which was immobilized on a solid support. Third, treatment of the immobilized fusion protein with a thiol-containing buffer solution afforded the H2B(1-116) α-thioester, which was then ligated in a one-pot operation to a synthetic peptide containing the desired PTM. Notably, this streamlined EPL strategy was compatible with strong denaturants that are often needed to solubilize histones from inclusion bodies (113) . The improved speed and overall yields associated with this methodology should make it the method of choice for generating recombinant histone α-thioesters for use in EPL.
Improvements in Histone (Semi)Synthesis and Desulfurization
In this section, we describe highly optimized protocols for preparing semisynthetic histones.
In tandem with advances in the production of the necessary building blocks for NCL and EPL, there have been important developments in the protocols employed in the actual ligation step, as well as the subsequent removal of the ligation scar by desulfurization. Beginning with the former, a key feature of NCL and EPL is the inclusion of a smallmolecule thiol compound during the ligation step. This additive plays several roles, all of which exploit the fact that thioesters are soft electrophiles and hence more reactive to thiolcontaining nucleophiles than to oxygen or nitrogen nucleophiles. Thus, a peptide can be produced and stored as a relatively unreactive alkyl α-thioester but then activated in situ by transthioesterification with the added thiol ( Figure 2) . By tuning the electronic properties of the incoming nucleophile, one can conveniently increase the reactivity of the thioester. Another beneficial consequence of facile transthioesterification is that it allows NCL and EPL to proceed when either (or both) of the peptide building blocks contains internal cysteine residues; although these residues can participate in transthioesterification to yield internal thioesters, the absence of a proximal amino group means that they are unable to proceed to amide bond formation and hence do not accumulate to a significant extent in the reaction mixture. Although a number of small-molecule thiols (e.g., thiophenol, benzylmercaptan, and 2-mercaptoethanesulfonate) have been used over the years in NCL and EPL, the field has now converged on the use of mercaptophenylacetic acid (MPAA). Initially described by the Kent group (114), MPAA significantly improves the kinetics of NCL and EPL reactions, a property that is attributed to an improved transthioesterification step between the two peptide fragments, leading to increased efficiency and better yields.
The last step in a contemporary NCL-or EPL-based histone semisynthesis is the reduction of the cysteine residue at the ligation site to a native alanine (or a thiolated amino acid derivative to the corresponding natural amino acid) ( Figure 2 ) (80). This traceless ligation strategy was introduced by Blanco-Canosa & Dawson (95) and initially involved classical hydrogenolytic desulfurization using a Raney nickel catalyst. Indeed, the Raney nickel desulfurization protocol has been successfully applied to the semisynthesis of several PTMcontaining histones (98, 100) . As a response to concerns that Raney nickel might lead to protein losses through adsorption and aggregation processes, Wan & Danishefsky (81) subsequently introduced a more biopolymer-compatible desulfurization protocol based on a free radical-initiated process (referred to herein as free radical desulfurization). This reaction has proven to be incredibly powerful, typically affording high isolated yields of desulfurized products, and it is now the method of choice for removing NCL and EPL ligation scars through desulfurization. Notably, free radical desulfurization has been applied to the traceless semisynthesis of all four canonical histones (involving cysteine residues as well as various thiolated amino acid analogs) (29, 99, 115) .
Finally, and most recently, Paine and colleagues (116) have reported a very useful advance that simultaneously affects both the ligation kinetics and the subsequent desulfurization steps. This research nicely addresses a shortcoming of the standard protocol of ligation followed by desulfurization, namely that commonly used thiol additives, including MPAA, are incompatible with free radical desulfurization due to quenching effects. Thus, a purification step needs to be inserted between the other steps, which reduces overall yields and obviously makes the process more cumbersome. The authors solved this problem by replacing MPAA in the ligation mixture with 2,2,2-trifluoroethanethiol (TFET). The authors showed that TFET is as effective as MPAA at improving the ligation kinetics but can be subsequently removed through a simple degassing step owing to its volatility. This process enables NCL and desulfurization to be conducted in a one-pot fashion without the purification of the initial ligation product. Although this streamlined strategy has yet to be directed toward histones, it is likely to be widely adopted and, as such, should increase yields and efficiency in future histone PTM syntheses.
SEMISYNTHESIS APPLIED TO HISTONES
Improvements in methods to generate histone-derived peptide/polypeptide fragments as well as innovations that improve ligation efficiency and ease of desulfurization have substantially reduced the time and effort needed to obtain a semisynthetic histone in biochemically useful quantities (summarized in Table 1 ). We emphasize that the incredible amount of work that has gone into the preparation of semisynthetic histones over the last several years will inform future syntheses as, in most cases, a suitable ligation junction/synthetic strategy has already been developed. This section explores the approaches taken to access histones with specific PTMs, focusing on more recent syntheses that have resulted in the facile generation of completely native PTM-containing histones.
Semisynthesis Applied to Histone H2A
Of the four core histones, H2A has received the least attention in terms of semisynthesis, perhaps reflecting the fact that H2A has comparatively fewer characterized PTMs relative to the other histones. Nonetheless, this histone nicely illustrates the sophistication of modern EPL strategies. Especially notable is the work of Fierz and colleagues (89, 117) on the preparation of H2A ubiquitylated at Lys-119 (H2AK119Ub). The semisynthesis was designed around three building blocks, two recombinant α-thioesters (produced by thiolysis of intein fusions) and a branched synthetic peptide. The overall route required two EPL reactions followed by desulfurization. The first step involved ligation of a ubiquitin α-thioester fragment (lacking the C-terminal glycine; i.e., residues 1-75) to a synthetic peptide corresponding to residues 114-126 to H2A. This peptide was equipped with two ligation handles, namely (a) a cysteine, which was attached to the ε-amino group of K119 and would eventually become the missing residue in ubiquitin, and (b) the non-proteinogenic amino acid, penicillamine, at the N terminus [this is effectively a thiolated version of valine (108)]. The penicillamine moiety was protected as a thiazolidine to ensure the desired regioselectivity in the first EPL step, namely ligation of the ubiquitin α-thioester exclusively to the cysteine-bearing lysine side chain within H2A. Subsequent unmasking of the penicillamine in this intermediate construct set up the second ligation reaction with the other histone building block, H2A(1-113) α-thioester. The final step involved free radical desulfurization, which converted the penicillamine to a valine, the native residue, and the cysteine to an alanine. The observant reader will have noted that this iterative EPL strategy was not completely traceless in that it caused the C-terminal glycine of ubiquitin to be changed to an alanine. This alteration was deemed acceptable for the biochemical and biophysical studies that were subsequently performed on the semisynthetic protein (29, 89, 117) . However, there may be instances in which a completely native isopeptide linkage is desirable. Fortunately, strategies do exist for this purpose [see the section titled (Semi)Synthesis Applied to Histone H2B, below], although they are technically more complicated than the chemical ubiquitylation route outlined above for H2AK119Ub.
(Semi)Synthesis Applied to Histone H2B
Semisynthesis via NCL and EPL has been used to incorporate a variety of PTMs into histone H2B. Importantly, these efforts have afforded viable semisynthetic routes for the introduction of PTMs into the N and C termini of the protein, as well as internal regions.
Chiang et al. (98) were the first to report on the modification of the N terminus of H2B using semisynthesis. These authors synthesized a series of peptides corresponding to the first 16 amino acids of H2B and containing either four acetyl marks (K5ac, K11ac, K12ac, K15ac) or a phosphor-ylation mark at Ser-14 (S14ph), or these five PTMs together. The inclusion of a phosphorylated mark necessitated the use of Fmoc-SPPS for the preparation of the peptide α-thioesters-both latent thioester linkers, 2-hydroxy-3-mercaptopropionic acid (94) and diaminobenzoic acid (95) , were employed successfully in the course of this study. The corresponding recombinant fragment, H2B residues 17-125 containing cysteine in place of Ala-17, was generated through in vivo removal of the initiating methionine. NCL followed by desulfurization afforded the desired set of modified H2B proteins. This study is notable in that a direct side-by-side comparison between the Raney nickel and free radical desulfurization protocols was performed, with the latter giving a twofold increase in isolated yield. Access to these constructs allowed the authors to show that H2BS14ph antibodies are sensitive to the co-occurring acetyl marks; in other words, S14ph is not recognized as an antigen in the presence of K5ac, K11ac, K12ac, and K15ac. This study highlights the potential of the epitope occlusion phenomenon to skew antibody-generated data sets, which are a mainstay of the epigenomics field (10).
H2B was one of the first proteins found to be ubiquitylated (27) . Thus, it seems fitting that this protein would be the first to have the ubiquitin modification incorporated entirely through chemical means (15) . The preparation of H2BK120Ub through semisynthesis demonstrated that extremely complex modifications could be site-specifically introduced into histones-ubiquitin is an ~8-kDa protein. The original semisynthetic route developed for H2BK120Ub is similar to that discussed above for H2AK119Ub; the latter was in fact inspired by the former. As in the H2A case, the site of ubiquitylation is near the C terminus of the protein, and the semisynthetic route employed involved sequential ligation steps utilizing three building blocks, two recombinant fragments, and a synthetic building block. However, there are a few significant differences between the syntheses, which ultimately resulted in the generation of ubiquitylated H2B without any ligation scars or mutations. The most important of these was the attachment of a photolytically removable NCL auxiliary to the ε-amino group of Lys-120 within the synthetic peptide.
Previous research on model peptides had demonstrated that this auxiliary can be used to link ubiquitin to the lysine side chain through a completely native isopeptide linkage (118) . In effect, the auxiliary acts as a temporary cysteine residue (it contains a 1,2-amino thiol group) that, following ligation, is converted to a glycine through photolysis. Accordingly, the first step of the H2BK120Ub semisynthesis involved regioselective EPL between a recombinant Ub(1-75) α-thioester and a synthetic peptide corresponding to H2B residues 117-125 containing the aforementioned auxiliary at Lys-120 and an S-ortho-nitrobenzyl protected cysteine residue at the N terminus. UV irradiation of this initial ligation product simultaneously removed the auxiliary moiety and unmasked the cysteine, thereby allowing attachment of the remainder of the histone (residues 1-116) through a second EPL reaction.
In the final step, Raney nickel-mediated desul-furization converted the cysteine residue at position 117 into the native alanine residue. Thus, the final product contained completely native sequences in both the histone and the ubiquitin portions.
Access to a homogeneous preparation of H2BK120Ub, enabled by semisynthesis, has proven to be extremely useful for dissecting a number of chromatin processes (15, 46, 70, 89, (119) (120) (121) . For example, the presence of the H2BK120Ub in chromatin directly stimulates the methyltransferases Dot1L and Set1, leading to dramatically elevated methylation of histone H3 on Lys-4 and Lys-79, respectively (15, 70) .
The disclosure of the H2BK120Ub synthesis opened the floodgates to a torrent of new methodologies centered on expedient routes to ubiquitylated proteins, including histones (122) . The initial H2BK120Ub semisynthesis, while yielding the natively modified protein, was unwieldy (15), largely because of the need to synthesize the auxiliary through a multistep process (118) . McGinty et al. (119) circumvented this hurdle by developing a second-generation semisynthesis, the key feature of which is the replacement of Gly-76 in ubiquitin with alanine. This route is entirely analogous to that outlined above for H2AK119Ub and, like that example, obviated the need for the ligation auxiliary (it is replaced by cysteine). The resulting semisynthesis is more expedient and allowed the authors to determine several aspects of the ubiquitylation-methylation cross talk between H2BK120Ub and H3K79me, including establishing that a specific surface of ubiquitin is required for methyltransferase stimulation (46, 119) .
Arguably the most useful improvement in the chemical ubiquitylation area comes from the research of Brik and colleagues (123), who introduced the thiolated lysine derivative δ-mercaptolysine ( Figure 3 ). This unnatural amino acid has a 1,2-amino thiol moiety embedded within the side chain, meaning that ubiquitin α-thioesters can be directly ligated to the ε-amino group via NCL and EPL. Subsequent desulfurization affords the ubiquitylated lysine. This powerful reagent has found use in many systems, including the generation of H2BK120Ub, in which an N-methylated isopeptide bond was deliberately installed to stabilize the PTM toward hydrolases present in the cell lysates to which it was exposed (120, 124) . But perhaps the most noteworthy chemical ubiquitylation synthesis to date, at least as applied to histones, is the Brik group's (90) preparation of H2B ubiquitylated at Lys-34 ( Figure 3 ). This synthesis is a remarkable achievement for several reasons. First, the breadth of peptide chemistry employed is impressive, showcasing advances in the synthesis of peptide α-thioesters via Fmoc-SPPS (both the diaminobenzoic acid and hydrazine linkers are used) and the use of orthogonal protecting group strategies (both thiazolidine and an ortho-nitrobenzyl group are employed at various points). Second, the route developed was highly convergent. Thus, whereas the synthesis called for the assembly of five fragments, only three linear steps were involved (Figure 3) . This simplification was, in part, made possible by the clever use of the α-hydrazide moiety (afforded by the hydrazine linker discussed in the section titled Synthetic Building Blocks, above), which was converted into an active α-thioester only at an advanced stage of the synthesis. Altogether, this research illustrates the tremendous range of tools now available to the synthetic protein chemist for use in the preparation of synthetically challenging modified histone targets.
(Semi)Synthesis Applied to Histone H3
Extensive efforts have been devoted to the generation of histone H3 containing PTMs. Indeed, the first semisynthetic histone ever prepared was H3S10ph (78) . In this case, the authors used Fmoc-SPPS to synthesize residues 1-31 of H3 containing the Ser-10 phosphorylation mark. The C terminus of this peptide was converted into a benzyl α-thioester post cleavage using standard activating agents. However, this method resulted in partial dephosphorylation of the peptide, so a metal affinity purification step was included to obtain the homogeneous H3S10ph peptide. A recombinant H3(32-135) fragment containing an N-terminal cysteine in place of the normal threonine residue was prepared through Factor Xa-mediated removal of a leader sequence. The ligation junction was chosen so that the nonnative cysteine in the ligated product was located outside the folded core of the protein, but far enough into the histone sequence to allow access to the major sites of PTM. The same ligation junction was utilized to prepare H3K4me3, although in this case the synthetic peptide was assembled by Boc-SPPS on a 3-mercaptopropionamide linker (91), and MPAA was used as the exogenous thiol to facilitate the ligation (23, 91) . These semisynthetic H3 constructs were subsequently used in a series of biochemical studies that nicely highlight the importance of using full-length modified histones, as opposed to short histone-derived peptides; use of H3S10ph-containing nucleosomes as a substrate for the Spt-Ada-Gcn5-acetyltransferase (SAGA) complex revealed additional modes of regulation that were not evident with peptide substrates (78) , and access to the H3K4me3 was instrumental in determining that the transcription factor BPTF engages chromatin via a multivalent interaction involving modified H3 and H4 (23).
McCafferty and colleagues (100) were the first to employ the cysteine-to-alanine desulfurization strategy to afford a traceless semisynthesis of a PTM-containing histone. Modified H3 variants containing a trimethyl mark at Lys-9 (H3K9me3) or five acetyl marks (K4Ac, K9Ac, K14Ac, K18Ac, and K23Ac) were prepared by NCL employing a ligation junction between residues 24 and 25. The synthetic α-thioester building blocks were prepared by Boc-SPPS using a mercaptopropionic acid linker, while the recombinant fragment containing an N-terminal cysteine was generated via in vivo processing of the initiating methionine. Following NCL, the authors used Raney nickel desulfurization to convert the cysteine back to the native alanine. This process made this pioneering synthesis traceless, albeit low yielding, likely due to the use of Raney nickel (10-30% after desulfurization). Circumventing the desulfurization step in exchange for a conservative H3S28C mutation, Ferreira et al. (79) generated a modified H3 containing acetyl marks at Lys-9, Lys-14, Lys-18, and Lys-23 and used this construct to probe the activities of histone remodelers. More recently, Kim et al. (115) described approaches to the study of N-terminal H3 modifications that extend further into the H3 tail and result in a native H3. These authors chose an H3A29 ligation site to enable the traceless semisynthesis of H3K27me3 via an NCL and desulfurization protocol.
Histone H3 contains a number of PTMs within the structured core of the protein. Access to these sites requires an iterative NCL and EPL strategy due to the size limitations on synthetic peptides: To a first approximation, residues that are more than ~40 residues from either terminus in the histone sequence cannot be modified using a standard two-buildingblock approach due to the size limitation of SPPS. Ottesen and colleagues (125) were the first to tackle this problem in the context of H3 by developing a synthesis of the protein containing an acetyl-lysine modification at position 56 (H3K56ac). The desired protein was assembled from three building blocks, all synthetic [H3(1-46), H3(47-90)K56ac, and H3(91-135)], via an iterative NCL process. These peptides were prepared by Boc-SPPS and appropriately armed with α-thioesters and N-terminal cysteines (replacing native alanines). The key feature of the synthesis was temporary protection of the cysteine in the middle fragment as a thiazolidine. This feature prevented the peptide from reacting with itself (leading to cyclization or polymerization), thereby allowing the controlled assembly of the fragments in the C-to-N direction. The final step in the synthesis was conversion of the two cysteines into alanines by desulfurization. Whereas the overall yield of this synthesis was relatively modest (7%), sufficient material was obtained to perform a series of biophysical experiments showing that the PTM promotes "breathing" of the DNA on the histone octamer.
Recently, a more efficient semisynthesis was used to incorporate a dimethyl-arginine PTM at position 42 within the interior of H3 (H3R42me2) (Figure 4 ) (99) . In this three-piece ligation strategy, Casadio et al. (99) used Boc-and Fmoc-SPPS to prepare peptides corresponding to H3(1-28) and H3 (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) , respectively. The latter peptide contained the PTM and was generated as a peptide hydrazide, allowing regioselective NCL between the two synthetic peptides to yield an intermediate product corresponding to residues 1-46. Subsequent conversion of the acyl-hydrazide to an α-thioester set up the second NCL step involving a recombinant H3 fragment corresponding to residues 47-135 and containing a cysteine at position 47. This recombinant building block was obtained by in vitro processing of a corresponding SUMO fusion. Finally, free radical desulfurization afforded the natively modified H3 protein, which was subsequently used in a series of biochemical studies that revealed a role for the PTM in transcription regulation (99) . More generally, the convenient location of the ligation junctions in this synthesis, combined with the overall efficiency of this strategy, make this approach well suited to the generation of other internal modifications in H3 (e.g., H3K36 methylation).
Several semisynthetic routes allow modifications to be easily installed near the C terminus of the H3 sequence. H3 variants containing an acetyl-lysine modification at positions 115 and 122 (H3K115ac and H3K122ac) were prepared by EPL between a recombinant H3(1-109) α-thioester fragment, derived by thiolysis of a GyrA intein fusion, and suitably acetylated synthetic peptides corresponding to the remainder of the sequence and bearing the requisite N-terminal cysteine (126) . These constructs were used to show that the interaction of the histone octamer with nucleosomal DNA is weakened by these modifications. H3
containing a phosphothreonine residue at position 118 (H3T118ph), generated using the same semisynthetic scheme, was subsequently found to have the same destabilizing effect (127) . Notably, this effect was not observed using glutamine mutations to mimic the acetylation marks (126) , further illustrating the need for native PTMs when studying the subtleties of chromatin regulation.
Semisynthesis Applied to Histone H4
To date, efforts to apply semisynthesis to H4 have focused on lysine acetylation. The first of these, again from the McCafferty group (100), involved traceless NCL between synthetic peptide α-thioesters corresponding to the first 14 residues of the protein, and containing various combinations of acetyl marks on residues Lys-5, Lys-8, and Lys-12, with the complementary recombinant fragment H4(15-103) (100). The peptide α-thioesters were generated by Fmoc-SPPS on a highly acid-labile 2-chlorotrityl support; this approach enabled the generation of a protected peptide intermediate, which was then thioesterified and globally deprotected in solution. Parenthetically, the rather complicated nature of this synthetic process illustrates the impact that modern latent thioester linkers have had on the preparation peptide α-thioesters by Fmoc-SPPS. The recombinant fragment was prepared via in vivo processing of an initiator methionine codon that was placed next to the cryptic Nterminal cysteine. The ligation products were desulfurized to yield native acetylated H4 variants, which could be reconstituted into chromatin. To access H4 tail modifications extending beyond position 15, Shogren-Knaak et al. (20) adapted the McCafferty group's strategy to prepare a semisynthetic H4K16ac variant. Because the next alanine residue in H4 is at position 38 (which would require a more technically demanding peptide synthesis were it used as a ligation junction), these authors elected to fragment the protein between residues 22 and 23, which in turn meant mutating Arg-23 to cysteine. Despite this compromise, the desired protein was prepared and subsequently incorporated into nucleosomal arrays, where a seminal series of studies showed it to affect the folding behavior of chromatin (20) . This semisynthetic strategy has been further extended to the study of H4K12ac, H4K16ac, and H4K20ac constructs in the multivalent recognition of the nucleosome by BPTF (23).
Semisynthetic strategies for introducing modifications into the N terminus of H4 continue to evolve. The most recent involves placing the ligation junction between residues 37 and 38 (46) . NCL followed by cysteine-to-alanine conversion through radical-initiated desulfurization provides a traceless semisynthesis in which the entire N-terminal tail of the histone can be modified at will. This route strongly relies on highly optimized protocols for Boc-and Fmoc-SPPS, which make the synthesis of relatively long α-thioester peptides of the type required here relatively routine.
As we have attempted to emphasize in this review, most contemporary histone (semi)syntheses attempt to remove the ligation scar from the initial NCL or EPL product, typically by desul-furization. However, there is an alternative strategy that involves elaborating the cysteine thiol group post ligation, rather than erasing it. This strategy is nicely illustrated by Allahverdi et al. (128) , who performed semisynthesis of a series of acetylated H4 constructs. These authors placed the ligation junction between residues 19 and 20, requiring mutation of Lys-20 to a cysteine. Following NCL between the appropriate synthetic and recombinant building blocks, the cysteine was reacted with 2-bromoethylamine, which converted it into an analog of lysine (43) . Given the very large number of lysine residues in histones, this strategy could further expand the range of sites available to semisynthesis. Finally, C-terminal modifications have also been introduced into H4 by semisynthesis. Specifically, H4K77ac and H4K79ac constructs have been prepared via EPL between a synthetic H4(76-103) peptide and a recombinant H4(1-75) α-thioester generated using intein thiolysis (129) . Subsequent desulfurization yielded the native constructs, which were used to reveal a role for these PTMs in modulating DNA breathing on the histone octamer.
CONCLUSIONS AND OUTLOOK
Protein (semi)synthesis has enabled the generation of dozens of posttranslationally modified his-tones over the last ~10 years. These reagents are instrumental in understanding the precise mechanisms by which chromatin-templated processes are regulated through the installation, readout, and removal of these marks. These efforts have improved our knowledge about how best to prepare these molecules-excellent strategies are available that afford synthetic access to most regions of histone primary sequences ( Figure 5 ). Although there is always room for improvement in any multistep chemical process, we are now at a point where the manufacture of a modified histone is no longer a "PhD project" in and of itself. In fact, the preparation of many modified histones (e.g., acetylation and methylation) is now routine, and several modified histones are already commercially available, with many others sure to follow. Thus, the greatest challenges in the near future are likely to be related to how these reagents might be used to disentangle the formidable combinatorial complexity of chromatin (see the sidebar titled Accelerated Chromatin Biochemistry Using DNABarcoded Nucleosome Libraries), as well as how these building blocks can be incorporated into increasingly large reconstituted nucleosome arrays that are true facsimiles of native chromatin. Perhaps most exciting of all is the possibility that protein semisynthesis, with its unrivaled chemical precision and flexibility, might somehow be extended to manipulate the covalent structure of chromatin in a living cell. Thus, we imagine that the chromatin area will continue to be fertile ground for protein chemistry and that many new methodologies will emerge with applications even beyond the world of histones.
ACCELERATED CHROMATIN BIOCHEMISTRY USING DNA-BARCODED NUCLEOSOME LIBRARIES
The reconstitution of individual PTM-containing histones into chromatin allows for the hypothesis-driven investigation of molecular mechanisms governing chromatin effectors (33) . Although the approach is powerful, its throughput is slow (and sample intensive), which is especially problematic when one considers the sheer number of PTMs in histones and their combinatorial co-occurrence (10, 11) . With this in mind, Nguyen et al. (29) realized that a potential solution to this problem might be to harness the extraordinary sensitivity, speed, and multiplexing nature of next-generation DNA sequencing. Accordingly, they put into place a synthetic work flow that allowed the rapid (within ~3 days) assembly of an entire nucleosome library, each member of which contains a unique combination of histone PTMs and is self-encoded by its associated DNA. The authors then employed this DNA-barcoded nucleosome library in a series of biochemical studies, which provided a wealth of information on the relative binding preferences and substrate preferences for a series of chromatin effectors. The extremely high throughput of this approach (in which many thousands of biochemical data points are obtained simultaneously), coupled with its remarkable sensitivity, suggests that this method will have broad application in the chromatin area as a hypothesis-generating tool. Histone (semi)synthesis by native chemical ligation reaction (NCL) and expressed protein ligation (EPL). Histone fragments containing α-thioesters (➊) are prepared by solid-phase peptide synthesis (SPPS) (a) or recombinantly through thiolysis from an intein fusion (b). Histone fragments containing 1,2-amino thiols (➋; cysteine is shown as a common example) are prepared synthetically via SPPS (c) or using recombinant DNA methods (d ); the latter involves either the proteolytic removal of an N-terminal tag in vitro or processing of the initiator methionine in vivo. Fragments are ligated together via NCL in the presence of exogenous thiols (R-SH) to yield full-length polypeptides containing a peptide bond at the ligation junction (➌). Because histones generally lack native cysteine residues, chemical ligation is typically followed by a desulfurization step to yield a cysteine-less histone (➍). Yellow indicates a building block of synthetic origin, blue indicates a fragment generated by recombinant DNA methods, a red star indicates that posttranslational modification incorporation is feasible, and green denotes that the fragment can be prepared by either chemical synthesis or recombinant DNA technology. 
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